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Accepted 26 August 2016We investigate the experimental results on the composites ZnWO4-ZnO for electrical and humidity sensing prop-
erties are described. ZnWO4 (ZW)prepared byprecipitationmethod and this prepared zinc tungstatemixedwith
ZnO (ZO) in differentmole rations (100:0, 80:20, 60:40, 40:60, 20:80, 0:100). The productswere characterized in
detail by multi techniques: X-ray diffraction (XRD), energy dispersive X-ray analysis (EDX), ﬁeld emission scan-
ning electron microscopy (FE-SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET)
analysis and vibrating sample magnetometer (VSM). The composites were sintered in the form of the disc and
subjected to dc resistance measurements. The dc resistance of these composites decreased on exposure to hu-
midity at room temperature. These results demonstrate composite ZWZO-46has the highest humidity sensitivity
Sf = 3416, with a response and recovery time of 50 s and 100 s respectively.
© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Hysteresis1. Introduction
Humiditymeasurement is one of themost signiﬁcant issues in various
areas of applications such as agriculture, instrumentation, automated sys-
tems and climatology. In recent years improvements in sensor
manufacturing technologies have occurred driven by post-process high-
speed, low-power and low-cost microelectronic hybrid circuits [1], mod-
ern signal conditioning methods [2] and advances in miniaturization
technologies [3,4]. The requirement for commercial competiveness is se-
quential enhancement of quality and product reliability. Advancement of
humidity sensory systems encompasses enhanced efforts in betterment
of transducer performance such as sensing elements [5], structure design
[6], principle of mechanism [7], and fabrication technologies [8]. The
transducer materials are the key features, followed by the availability of
suitable manufacturing technologies, free choice of device geometrical
properties to attain the required dimensional efﬁciencies, optimization
of surface for the occurrence of conductance, ease of production ﬂow
and investment expenses.
Oxide semiconductorﬁlms exhibit excellent properties for sensor de-
vices [9]. There is a strong interest in the development of humidity, light-
weight gas sensors capable of low ppm range sensitivity and extended
operation at low-power levels. Recent experimental results demonstrate
that thehumidity, gas-sensing process is strongly related to surface reac-
tions. Different metal oxide-based materials have different reaction (se-
lectivity) activations to the humidity and target gases. A variety of
techniques for the deposition of oxide semiconductors have been devel-
oped [10,11]. In general, composite metal oxide sensors exhibitedram).
pen access article under the CC BY-Nsigniﬁcantly higher sensitivity than conventional sensors constructed
solely from onematerial when tested under identical experimental con-
ditions [12]. In the past decade, ZnWO4 has attractedmuch attention be-
cause of its magnetic, scintillated, luminescent and catalytic properties
[13] as well as gas sensors [14]. Although the humidity sensing proper-
ties of some composites containing ZnWO4 have been reported [15].
Metal oxide nanostructures present suitable candidates for humidity
sensing application as they are chemically and thermally stable, provide
larger surface-to-volume ratio for interaction with the environment as
compared to bulk thin ﬁlmmaterials, and consequently, show high sen-
sitivity with fast response. In recent years, metal oxide NWs and nano-
structures such as zinc oxide (ZnO) [16], tin oxide (SnO2) [17], titanium
oxide (TiO2) [18], indium oxide (In2O3) [19], and tungsten oxide (WO3)
[20] have been used for fabrication of a variety of chemical sensors.
Among these materials ZnO is promising as a sensitive material for hu-
midity sensing due to themorphological diversity. In this work, we syn-
thesize ZnWO4-ZnO composites nanoparticles by precipitationmethod.
The electrical resistance of ZnWO4-ZnO composites was monitored
measured against relative humidity of a closed chamber maintained
by saturated salt solutionmethod for humidity sensing purpose. Finally,
we explained the difference of sensing performance for the ZnWO4-ZnO
with different mole ratios.2. Materials and methods
2.1. Preparation of ZnWO4-ZnO composites
Zinc tungstate (ZnWO4) was prepared by the precipitation method
based on [21]. In a typical synthesis, 2.974 g of Zn(NO3)3·6H2O andC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Powder XRD patterns of ZnWO4-ZnO composites a) ZWZO-82; b) ZWZO-64; c)
ZWZO-46; d) ZWZO-28.
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ized water was added to the beakers and magnetically stirred to form
a homogeneous solution at room temperature. After that, the solution
Na2WO4·2H2O was added dropwise to the Zn(NO3)3·6H2O solution
with continuous magnetical stirring for 1 h. The white product wasFig. 2a. The energy dispersive X-ray (EDX) spectobtained and washed with deionized water and dried at 100 °C for
1 h. The as-prepared productwas sintered at 500 °C for 1 h. The different
moles ratios of ZnWO4 and ZnO (80:20, 60:40, 40:60 and 20:80) were
mixed together for the fabrication of ZnWO4-ZnO composites.
2.2. Characterization
The morphologies were characterized using scanning electron mi-
croscopy (FESEM, Hitachi S4800) and transmission electron microscopy
(JEM2100F). The composition of theproductwas analyzed by energydis-
persive X-ray detector (EDX). The X-ray diffraction (XRD, PANanalytical
Pro Diffractometer with Cu Kα irradiation, λ= 0.15406 nm) was used
to analyze the crystallinity. BET surface area was measured by nitrogen
adsorption using a Micromeritics, ASAP 2010 surface area analyzer. The
magnetic properties were investigated by vibrating sample magnetome-
ter (VSM) at room temperature in an applied magnetic ﬁeld sweeping
from−10,000 to +10,000 Oe using a PMC Micro Mag 3900 model vi-
brating sample magnetometer (VSM) equipped with 1 T magnet.
2.3. Pelletization, electrical conductivity and humidity measurement
The fabrication of ZnWO4-ZnO composite pellet prepared with
10 mm diameter and 2 mm thickness using a high pressure of
100MPa of pellete maker [22]. Before pressing the powder into a pellet
form, suitable adhesion agent such as cetyl alcohol is mixed. Kanthal
wire was soldered on both sides of the pellet with the help of silver
paste to form a sensor element. The pellet based sensor is subsequently
dried for any adsorbate from its surface before applying for sensor appli-
cation [23]. The electrical resistivity measurement was performed at
room temperature using a dc power supply and a Keithley 485
picoammeter in series. Controlled humidity environments were obtain-
ed with saturated salt solutions in a closed glass vessels: anhydrous
P2O5, CH3COOK, CaCl2·6H2O, Zn(NO3)2·6H2O, Ca(NO3)2·4H2O, NaNO2,
NH4Cl, BaCl2·2H2O and CuSO4·5H2O in a closed glass vessel at ambient
temperature, which yielded 5%, 20%, 31%, 42%, 51%, 66%, 79%, 88% and
98% RH, respectively.
3. Result and discussion
3.1. Structure and morphology of ZnWO4-ZnO composites
The typical XRD patterns of as-prepared ZnWO4-ZnO composites are
presented in Fig. 1.rum of ZnWO4-ZnO composite (ZWZO-46).
Fig. 3. FE-SEM images of ZWZO-46 composite.
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phased of ZnWO4 monoclinic wolframite tungstate, which was in
good agreement with the standard data (JCPDS Card 15-0774) and
ZnO which shows that all of these peaks are in good agreement with
wurtzite ZnO (JCPDS Card 36-1451) and no characteristic peaks are ob-
served for other impurities in prepared composites. The average crystal-
line sizes were calculated by using the Debye - Scherrer equation [24],
D ¼ Kλ
βcosθ
where D is the diameter of the crystallite size, K is the shape factor (the
typical value if 0.9), λ is the wavelength of incident beam, β is broaden-
ing of the diffraction linemeasured in radians at half of itsmaximum in-
tensity (FWHM) and θ is the Bragg's angle. From the XRD data, the
average crystallite sizes were found to be 38 nm. As seen in Fig. 2a,
the presence of the elements zinc, tungsten and oxygen is conﬁrmed
by EDX measurements.
The morphology and structure of the as-synthesized composites
were characterized by FE-SEM as shown in Fig. 3. SEM micrographs of
ZnWO4-ZnO samples are characterized by a typical porous structure
and small grains without inside pores but many inter grain pores.
Inter granular pores are linked through large pores. Pore structures
should be regarded as inter connected voids that form a kind of capillary
tubes. This structure favors adsorption and condensation of water va-
pors. When the metal oxide sensors are porous, the water vapor can
enter the pores and the adsorption occurs in the pores. Fig. 4(a) & (b) il-
lustrates the TEM micrograph and SAED patterns of agglomerated
ZnWO4-ZnO nanoparticles. Hollow interior of the nanospheres can be
conﬁrmed by the contrast between the dark edges and the pale center
shown in Fig. 4a. The rough surface of the nanosphere can be clearly ob-
served in Fig. 4(b). The SAED image shown in insert of Fig. 4(b) conﬁrms
that the nanospheres are polycrystalline structures in nature. The spe-
ciﬁc areas of ZWZO-46 composite were measured by Brunauer-Fig. 4. TEM image of ZWEmmett-Teller (BET) using nitrogen adsorption method shown in Fig.
5. This ﬁgure reveals the pore size of the sample was distributed be-
tween 30 and 50 nm in radius. It is well known that large surface area
of a humidity sensor is favorable to absorb water molecule during the
reaction.
3.2. Resistance versus the relative humidity of various sensing materials
The humidity testing of the sensors was conducted using a dynamic
humidity chamber and the humidity was maintained in the range of 5%
RH to 98% RH at room temperature. Since it takes around 20–30min for
the chamber to reach equilibrium. Variations in dc resistance in differ-
ent ratio of ZnWO4-ZnO composites as a function of RHwere measured
as shown in Fig. 6. The dc resistance of ZnWO4-ZnO composites de-
creases with the RH increases from 5% RH to 98% RH. Humidity sensitiv-
ity factor was deﬁned as Sf = R5%/R98%, where R5% and R98% the values
of the resistancemeasured at different RH respectively, are evaluated in
Table 1. The greater the value of Sf, the higher the sensitivity of the ma-
terial towardsmoisture. The sensitivity factor of prepared composites is
ZWZO-10 (290), ZWZO-82 (363), ZWZO-64 (475), ZWZO-46 (3416),
ZWZO-28 (460), ZWZO-01 (188). From this experimental values
ZWZO-46 composite shows maximium Sf value of 3415 for all other
composites. ZWZO-46 composite has more pores and cavities than
other composites in the morphology. Because of that reason ZWZO-46
sample has allow interacting towards water molecules very easily. The
absorption and desorption of watermolecules vary from the other sam-
ple. In presence of water molecules in the morphology the ZWZO-46
sample shows high conductivity and higher sensitivity factor.
At low relative humidity, water adsorption on the sample surface is
likely the dominant factor for electronic conduction [25]. Adsorbed
water increases the surface electrical conductivity of the ceramic due
to the increased charge carrier, protons, in the ceramic/water system.
The conductivity is further increased by the presence of pores on the
sample surface. In the ﬁrst stage of water adsorption, a few waterZO-46 composite.
Fig. 5. Pore volume vs. pore diameter of ZWZO-46 composite.
Table 1
Resistance and sensitivity factor of ZnWO4-ZnO composites.
Mole %
ZnWO4:ZnO
Sample
code
Resistance R5%
(Ω)
Resistance R98%
(Ω)
Sf
(R5%/R98%)
100:0 ZWZO-10 6.1 × 107 2.1 × 105 290
80:20 ZWZO-82 6.9 × 109 1.9 × 107 363
60:40 ZWZO-64 7.6 × 108 1.6 × 106 475
40:60 ZWZO-46 8.2 × 109 2.4 × 106 3416
20:80 ZWZO-28 6.9 × 107 1.5 × 105 460
0:100 ZWZO-01 5.1 × 106 2.7 × 104 188
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mechanism to form two surface hydroxyls per water molecule. In this
chemisorbed layer charge transport occurs by the hopping mechanism
[26]. Conduction probably occurs by the Grotthus transport mechanism
[27]. An electrolytic conduction in condensed water will take place in
addition to the protonic transport in the physisorbed layers [28]. This
succession of mechanisms leads to a rapid increase in conduction (de-
crease in resistance) with increasing humidity content. The changes in
the electronic conductance of the semiconductor in the presence of
adsorbed water must also be considered. Water cannot directly inject
a carrier into either the conduction or valence band of a metal oxide
semiconductor. A number of mechanisms have been suggested to ac-
count for the apparent electron donation from water molecules to ox-
ides, including, non-dissociative adsorption with one electron
donation, dissociative adsorption with one electron donation, and dis-
sociative adsorption with two electron donation [29]. It has also been
suggested that an indirect effect may occur involving the chemisorbed
oxygen that has trapped conduction band electron [30]. Adsorption of
water displaces the oxygen, causing it to release the electron back into
the conduction band, hence increasing the conductivity of the n-type
semiconductor.3.3. Response and recovery time
The time response of a sensor can vary from seconds to hours and
it is of great interest to determine it. For calculating of response time
for sensing material, humidity in the chamber has been switched
over from 5% RH to 98% RH and for calculating of recovery time hu-
midity in chamber has been brought down from 98% RH to 5% RH. Re-
sponse time and recovery time of ZWZO-46 are 50 s and 100 s
respectively shown in Fig. 7. Long term stability is very important
for the practical value of a humidity sensor. This dc resistanceFig. 6. Relative humidity vs. log R plots of ZnWO4-ZnO composites.module of the ZnWO4-ZnO composites was measured every day for
a month, as shown in Fig. 8. As can be seen, there is an acceptable
change in the dc resistance - RH model obtained at different times.
His results demonstrate a good long-term stability of ZWZO-46 com-
posite, which is contributed to commercial sensor.
3.4. Hysteresis
Variation in dc resistance with the change in relative humidity (RH)
has been recorded for sensing material ZWZO-46. All the results have
been found to be repeatable. Variation in dc resistance with change in
relative humidity for sensing materials has been shown in Fig. 9. This
ﬁgure shows continues decrease in the value of dc resistancewith an in-
crease in the relative humidity of 5% to 98%. It is understood that the
varying conductivity of smplewith relative humidity due to the adsorp-
tion of the watermolecules on the pellet surface with in nano pores and
continues increases in the value of dc resistance with decreases in the
relative humidity 98% to 5% due to the desorption of the water mole-
cules on the pellet surface. Higher porosity increases surface to volume
ratio of thematerials and enhances diffusion rate of water into or out-of
the porous structure and thus, helps in getting good sensitivity. At high
relative humidity, liquid water condenses in the capillary like pores,
forming a liquid like layer. An important factor related to sensing ele-
ments of metal oxide materials is the hysteresis effect.
3.5. Magnetic characterization
The great advantage of using magnetic nanoparticles in applications
is that they can be manipulated by the external magnetic ﬁeld. There-
fore, in water decontamination, one could use the magnetic nanoparti-
cles with high adsorption efﬁciency with the ability of recovering them
using magnetic separation from water as a simple, quick and cheap
method. Magnetic measurements of the samples were carried out at
300 K in order to identify themagnetic states and envisage their behav-
ior. The VSMmeasurements were recorded in the−15 kOe to+15 kOe
applied magnetic ﬁeld range. Magnetic properties of the as-synthesized
ZnWO4-ZnO nanocrystalline were measured at room temperature and
the sample showed a typical hysteresis loop in its magnetic behavior,Fig. 7. Response and recovery characteristics of ZWZO-46 composite.
Fig. 8. The long term stability of ZWZO-46 composite at room temperature.
Fig. 10.Magnetization curves of ZnWO4-ZnO.
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the remnant magnetization (Mr) were 63.54 and 2.54 emu/g respec-
tively. The coercivity ﬁeld was 60.23 Oe, clearly indicating that the syn-
thesized nanoparticles had weak ferromagnetic behavior, with slender
hysteresis curve. It is suggested that the cation distribution in thismate-
rial is partly inverted and exhibits anomaly in its magnetization, which
can exhibit super paramagnetic and weak ferromagnetism due to un-
compensated spins in the two sub lattices [31]. Yet, as previously point-
ed out, a contribution to the total anisotropy increasing from
antiparticle interactions cannot be completely ruled out, due to the rel-
atively high amount of ZWZO-46 phase in the sample. In fact, even if the
occurrence of exchange interactions (that require contact among the
particles to be established) can be excluded due to the nanoparticle dis-
persion in a highly porous silica host, the presence of dipolar interac-
tions is very likely, which would give rise to a non-negligible
contribution to the total anisotropy. Such kinds of interactions are
well-known to increase with the volume of the particles (i.e., with the
particle magnetic moment) and to decrease with the mean distance
among them [32–33].4. Conclusions
Sensing material of nanocrystalline like ZnWO4-ZnO composites is
prepared, ZWZO-46 composite proves to be a better sensing material
with sensitivity factor Sf = 3416. The sensing material manifests good
hysteresis values, high surface area and pore structure andhigher repro-
ducibility. Response and recovery times are 50 s and 100 s respectively
for this humidity sensing material.Fig. 9. Humidity hysteresis characteristics of ZWZO-46 composite.Acknowledgments
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